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AXIAL FATIGUE TESTS OF 10 AIRPLANE WING-SEAM SPECIMENS 

BY TH1 RESONANCE METHOD 

3y w. C. Brueggsman, P. Krupen, and F. C. Roop 

SUMMARY 

Axial fatigue tests have been made by the resonance 
method on 10 specimens from airplane w.ing beams. The spec.- 
imens contained several types of stress raiser, such as 
rivets, bolos, fittings, splices, reinforcing plates, and 
so forth. Some of the beams had been in flight Bert-ice; 
some had not. The method of obtaining resonant axial vibra- 
tion and results for the first two wing beams already have 
been reported in NACA TN No. 660. Axial fatigue tests were 
made, in addition, on aoupon specimens machined from the 
flanges. The tests were made in a direct tension-compression 
fatigue machine using lubricated solid.guides to prevent 
buckling. Some of the specimens were nominally free from 
stress concentrations; others had a 0.1285-inch drilled hole 
at midlength where the width was 3/8 inch. In addftion, 
coupon specimens consisting of .parallel strips of sheat mstal 
joined by idle rivets were tested, 

The wing-beam specimens which had not been in service 
were found to be stronger in fatigue than those which had. 
All wing-beam specimens showed a much higher stress aoncen- 
tration factor in fatigue than did the coupons containing 
holes or idle rivets. It is believed that a web splice near 
which failure occurred in most of the wing-beam specimens 
accounts for this discrepancy by causing a damaging Ftress 
concentration. 
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INTRODUCTION 

2 

In 1935 the National Bureau of Standards started an in- 
vestigatfon at the request of the NACA to determine the 
axial fatigue strength of airplane wing beams. The beams 
were loaded by the resonance 'method in a manner similar to 
that .develop,ed. by the Goodyear Zeppelin Corporation (refer- 
ence 1). Results,for the first two wing beams together wXth 
details of the test method were reported in reference 2. 
Eight more wfng-beam specimens have since been tested, there- 
by completing the program. 

The purpose of the investigation was to deterprine the 
effect on the fatigue strength of a full-size structure of 
several important types of stress concentration and to deter- 
mine whether it was practicable to design such a structure 
on the basis of feet results obtained on small, relatively 
sfmple coupon specimens containing typical stress raisers. 

It was decided to test the wing-beam specimens under 
alternateng axial load rather than under alternating fl.>xural 
load. Although flexural loading corresponds more closely to 
service conditions, it would be dffficult to analyze the re- 
sults of flexural tests because of the various fittings, . 
holes, reinforcing plates, and other changes in cross section 
which were present. It was believed that axial loading would 
have practically the same effect on the flanges as floxural 
loading; in addition,axfal fatigue tests by the resonance 
method presented a means of applying a large number of nearly 
sinusoidal load cycles in a short.time. 

The technique used in the fatigue tests of the wing- 
beam specimens is due principally to Wlrlliam M. Bleakney,who 
conducted the project from 1935'to 1939, He adapted the 
method developed by the Goodyear-Zeppelin Corporation for 
testing airshLp girders to wfng-beam specimens making use of 
motor-generator set 8, available at the Natfonal Bureau of 
Standards. The technique,together with the results for the 
first two specimens,is given in reference 2. Dr. Bleakney 
left the Bureau in 1939 and the pro.ject was taken over by 
Mr. F. c. Roop, who conducted it until 1941. He placed in 
operation, beginning with specimen 4, an automatic control 
circuit desfgned by Dr. Bleakney for holding the exciting 
frequency more nearly at resonance, and tested specimens 3 
t0 a. The remaining two specimens were tested by Philip 
Krupen, who also computed the results for the wing-beam 
specimens. Axial fatigue tests of coupon specimens machined 
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from the wing-beam flanges were made by W. C. Brueggeman with 
the assistance of M. Mayer, Jr., and W. H. Smith. 

This investigation, conducted at the National Bureau of 
Standards, was sponsored by and conducted with the financial 
assistance of the National Advisory Committee for Aeronautice. 

WING-BEAM SPECIMXNS 

The specimens were taken from the wing beams of biplanes 
which had been particularly susceptible to vibration in 
flight. Three complete upper wings were furnished by the 
Bureau of Aeronautios. One was from an airplane which had 
not had any flight service; the other two had been subjected 
to more than 200 hours of flight. Ten spocinens, shown in 
figures 1 and 2, were cut from the beams of these wings. The 
number of hours of flight service and tho location of the 
specimen in the wing are given fn table 1. 

The specimens consisted of T-section 24%T aluminum- 
alloy extrusions riveted to each edge of an aluminum-alloy 
web as shown in figure 3, The skin and ribs had been cut off 
near the flanges when the specimens were removed; however, 
the rivets which joined these members to the flanges were not 
disturbed except when unavoidable. Each specimen had numer- 
ous ribs, fittings, and reinforcing plates fastened by rivets, 
self-tapping screws, and bolts, Cut-oute and large holes in 
the web were generally reinforced; however, the maximum re- 
duction in cro8B section due to unreinforced holes w&8 i:s 
much as one-sixth in specimen A. The web of each speciI.ion 
except A was spliced near the small end.. 

All specimen8 except A were tapered slightly; in addi- 
tion, those taken from the front beams were reinforced by a 
doubler plate extending over about one-fourth the length. 
The web of the specimens taken from the front beams was 
tapered by an amount which caused as much as 3 percent var5 
atfon in the oross-sectional area of the specimen from one 
end to the other. The rear beams except A ver e tapered 
both by gradual variation in the depth of the web and by stap- 
wise variation in the'thickness of one flange. The flange 
thicknees was constant at its minimum value for a length of 
about a foot at the small end. The taper of the web in this 
length caused a variation of 1 or 2 percent in the cross- 
sectional area of the specimen. The minimum cross-sectional 
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area ranged from 0,93 to 1.16 square inches. The length was 
about 6 feet. 

, 
TESTS 

The equfpment and the general method of testing' are de- 
scribed in reference 2. The procedure consisted essentially 
of clamping large masses to each end of a specimen and oaus- 
ing these to vibrate axially with respect to each other at a 
natural frequency determined by their mass and the axial 
spring constant of the speciplen. Electric reciprocatingploc. 
tars consisting of a cylindrical field coil and a ring*-&rma- 
ture guided by flexure plates were used to excite the-vibra- 
tion. The vibrating mass at each end included a field magnet 
weighfng 680 pounds and clamping fixtures weighing 110 pounds, 
total 690 pounde. 

L 

w 

Figure 4 shows an electric cirouit diagram for the recip- 
roosting motors. The field coils F of the reciprocating 
motors.are aonnected in series and carry direct ourrent which 
is controlled by the variable resistances R, and Rs. The 
armatures are supplied by an alternating-current generator 
the frequency of which is 'maint.ainod at resonance by control- 
ling the speed of the direct-current motor which drives it as 
follews; 

The field resistance Rs of the direct-current motor is 
set so that the frequency of the alternating-current generator 
is slightly above resonance. An increase above resonance in 
the frequency of the alternating-current supply to the arma- 
ture is accompanied by an increase in the current through the 
winding of the relay R because the armature current required 
by the direat-ourrent motor also increases with the speod. 
The relay R is sensitive to this armature current and 
closes when the ourrent increases to a critical value. When 
R closes, the grid bias on the 885 mercury vapor tube be- 
comes less negative. 

This vacuum tube also responds to an increase in the 
speed in another way. The reciprocating motor armatures to- 
gether with R,, L, and R, form a bridge circuit; the alter- 
nating-current input to the transformer T -increases with 
the frequency because the inductance in two of the legs of 
the bridge oauses.a phase difference which increases with the 
frequency. Thus an alternating-ourrent electromotive force ' 
is superimposed .on the direct-current grid bias. 
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These two effects increase the -potential of the grid 

when the speed is above resonance and cause current to flow 
from the filament through the direct-current motor ffeld, 
decreasing the motor speed and the alternating-current 
frequency. The relay R then opens and the cybfo ropoats. 
In operation, R opened and closed about five times per 
second. The particular values of the resistances in figure 
4 are not given because they were frequently changed; however, 
the values ranged between 10 and 60 ohms. 

Details of the reciprocating-motor terminal attachments 
are given in reference 2. The attachments for specimens 3 to 
10 were similar to those described for specimen 13. 

The specimen was alined with respect to the reciprocat- 
ing motors by means of four Tuckerman optical strain gages 
mounted on the flanges, two noar each end. Tho autocollimator 
used with these gages was equipped with a dumbbell reticule. 
The gages were read while the reciprocating motors were oper- 
ated at a low load. The terminal fixtures were unclamped 
and shifted until the strain indicated by each of the four 
gages was within 5 percent of the average. At the same time, 
the distance between the reciprocating motors was set so that 
the maximum tensfle and compressive loads on the specimen 
were equal. Adjustments were made to minimize bending and 
twisting as measured by the amplftude of the front-face image 
of the reticule reflected from the Tuckerman strain gage. 

With the adjustments described, it is believed that the 
load was essentfally axral and completely reversed. The 
specimen was subjected to 200,GOO to 2,000,OOO cycles of load- 
ing during the adjustment, but these were not counted because 
the average stress never exceeded 3600 psf. 

After the specimen had been alined, it was necessary 
only to Increase the amplitude of vibration to conduct a test. 
The strafn gages were left in place and readings were taken 
periodically. These were used later to compute the stress. 

The average rssonant frequency for the different speci- 
mens was between 64.0 and 79.1 cycles per second. The number 
of cycles X was determined for the first three specimensby 
perfodfc readings of the frequency and the elapsed time of a 
test. Starting with specimen 4, an electric clock was con- 
neoted in parallel with the reciprocating motor armatures. 
The clock was equfpped with such a dial that N could be 
read directly. 
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. A photographio record of strain as a function of time 
was obtained for a Tuckerman gage mounted on the flange of 
a specimen by means of a recorder built by the NACA. A por- 
tion of a record (ffg. 5) shows the strain variation with 
time to be nearly sinusoidal. 

The test of each specimen was continued until one flange 
had fractured. Failure was accompanied by a sharp cracking 
sound. It was observed that the resonant frequency suddenly 
wouLd drop about 5 ayolos per second, a few minutes befora 
failure. Simultaneously, the load droppod too fast to main- 
tain resonance. After failure no natural vibration could be 
induced. 

Specimen 4 was run at a stress of 4200 psi for 52,OCG,OOO 
cycles (designated da); the stress was then increased to 5700 
Psi, and failure occurred after 7,500,OOO cycles (specimen 4b). 

Considerable lateral vibration was encountered when test- 
ing specimen 8. After about 500,000 cycles the unsupported 

- portions of the web began to vibrate loudly; shortly there- 
after the whole system began to vibrate perpsndioularly to the 
plane of the web. The double amplitude at the middle of tha 
beam was about 2 inches. Attempts to snub out this undosired 
mode of vibration proved ineffective. St 5s probable tLat IT 
for this specimen was lowered by this lateral vibration. 

. 

Although the electrical control performed well in main- 
taining constant frequency, some trouble was causad by a 
change in the resonant frequency due to heating of the recip- 
rocating motors. This caused the load to fall off untj.1 the 
change was detected and the frequency readjusted to resonance. 
To take into account these occasional periods of nonresonant 
operation, the strain was observed periodically. 

The stress which was computed from the strain, and the 
corresponding obsarved number of cycles wore weighted by the 
following somowhat arbitrary formula to obtain values for the 
S-N curve. The wedghting takes into account occasional 
periods when the strain was less than 95 percent of the nomi- 
nal value for the test, a condition which prevailed about 
10 percent of the tS.me. f 

N =N,+S 4 . 
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where 
, 

S stress for a point on the S-N curve 

N number of cycles for a point on the S-N curve 

“n normal strain (not less than 95 percent of nominal value) 

Nn cyales of normal strain 

E1 low strain (less than 96 percent of nomfnal strain) 

N 1 cycles of low strain 

E Young's modulus, 10,570 Icsi 

Half the double amplitude of en and E1 was used in the 
formula. 

Fatigue Tests of Coupons.from Wing Beams 

In order to compare the fatigue strength of the structure 
with that of its material, ooupon specimens (fig. 6, type I) 
were maohined from the flanges of some of the wing beams and 
tested in a direot tension-oompression axial fatigue testing 
machine by means of a technique described in reference 3. 

The specimens were taken at looations such that the re- 
duced section would be remote from stress raisers in tho wing 
beam, The stress to which this material had been subjsctod 
during tho toet of the. wing beam was thorofore insufficient 
to affect the fatigue strength appreciably. The specimens 
were maohined by means of a process described in reference 4. 
The thickness of the specimen was the full thickness of the 
flange, about 0.142 inch. It was necessary to machine off 
the stem of the T and the accompanying fillets flush with 
the inner surface of the flange; this resulted in a machined 
surface extending over about half one face. 

In addition to the type-1 specimens which were nominally 
free from stress raisers, types 11 and III (fig. 6) were 
testes to determine whether results for coupons containing 
several typical stress raisers could be correlated It:ith those 
obtained on the full-size structure. Type II also was ma- 
chined from the flanges. It contains a 0.1285-inch hole, the 
size generally used for l/&inch rivets, at mid-length; e 
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otherwise it is the same as type I. Type III consists of 
tvo parallel strips of 0.032-inch 24S-T sheet joined by idle 
rivets. Idle rivets were used since, under the test condi- 
tions for the wing-beam specimens, most of the rivets were 
of this character. The lateral guides which ware USod +JO 
prevent buckling of type-III BpeCiIIIenS were Similar to those ' 
shown in reference 3, except that the bars contained holes 
to provide clearance for the rivet heads. 

The specimens were tested in the direct fension-compres- 
sion fatigue machine shown in figure 7. This machine is an 
adaptation of one designed by the Aluminum Company of Amerioa. It is desoribed in reference 4. 

The stress in the coupons was computed by dividing the 
load by the product of the thickness and the net width at a 
rivet hole. 

Static Tests of Material 

Static tensile and compressive properties of spocimons 
machined from the flanges of BOMe of the wing beams are given 
in table 2. Typical stress-strain curves are given in fig- 
ure 8. S-N data for all specimens are given in figure 9; the 
fatigue stress concentration factor kf which 5s. defined as 
the ratio of the fatfgue strength of coupon specimens of the 
material nominally free from stress raisers to the fatigue 
strength of the wing-beam specimens or drilled coupons is 
given in figure 10. The idle-rivet coupons showed SO much 
scatter that kf was not plotted. However, the result's lie 
between those for the-plain coupons and those for tho drilled 
coupons. A description of the failure of each wing-beam 
specimen follows. 

Specimen A, figure 11: Fracture passed through a 13/16- 
inch unfilled hole on the center line of web, and three filled 
rivet holes in the flange. Six other w.eb Crack8 were found 
in the flange and are shown in reference 2, figures 22 and 23. 

Specimen B, figure 12; The web and flange cracked at ad- 
jacent rivete; in additfon, the web cracked at the terminal 
fixture. Both cracks were remote from the web splice. All 
flange cracks occurred In the same flange and all web cracks 
started at rivets passing through this flange. 
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Specimen 3, ffgure 13: Yailed at web splice. Cracks 
extended through rivet holes in web, butt strap, and. flange. 
In addition, a crack originated at about 6,700,OOO cycles in 
the web at the end of a doubler.-plate reinforcsment and at 
the time of the principal failure had penetrated into the 
stem of both flanges through rivet holes. 

Specimen 4, figure 13: FaEled at web splice. The frac- 
ture extended through the outer row of rivets at the splice 
and the stem rivet of the flange.* A-crack was first noticed 
at the stem rivet at about 6,800,OOO cycles (specimen 4bj. 

Specimen 6, figure 14: Railed through web splice and 
stem rivet of flange. CrGk is believed to have started in 
web at about 2,000,OOO ayclee. 

Specimen 6, figure 14; Flange failed opposite web splice. 
A crack was first noticed at about 10,000,000 cycles at a 
rfvet hole in the outside of tho flange and spread inward to- 
ward the stem. 

Specfmen 7, ffgure 16: Pailed opposfte web splice in 
the same manner as specimen'6 except that the fracture passed 
through unfilled rivet holes, A crack was first noticed 
about 100,000 cycles before fracture. I 

Specimen 8, figure 15: Failed near web splice in the 
same manner as 6 and 7. Crack first notfced about 140,000 
cycles before fracture. 

Specimen 9, figure 16: Yailed at web splice in the same 
manner as specimen 6. 

Specimen 10, figure 17: Web failed at splice and flange 
cracked through a stem rivet. 

All type-IS specimens failed at the hole, All type-111 
specimens faPled at the rivet holes. 

DISCTJSSIOY 

A smooth curve may be drawn through the plotted points 
in figure 9 with the exception of point 8; there is less 
scatter than usually is expected in fatigue results. The 



NACA TN No. 959 10 

lateral vibration of specimen 8, as previously mentioned., 
may account for the low position of point 8. 

The unused wing beams had a higher fatigue strength than 
the used. This indicates that a certain amount of fatigue 
damage had already occurred in service. Coupons machined 
from both kinds of beam did not show this effect, probably 
because the coupons did not include stress raisers at which 
damage would originate. 

The results for both the plain and the drilled coupons 
are about the same as those previously obtained on 0.032-inch 
245-T sheet, which are reported. in reference 4; kf for 
these specimens is plotted in figure 10 for comparison. 

The results for the idle-rivet coupons show considerable 
scatter and are intermediate between those for the plain and 
those for the drilled coupons. 

Figure 10 shows that the fatigue stress concentration 
factor kf for the wing beam8 is much higher than that for 
either the drilled or the riveted coupons; this indicates the 
presence of other, more damaging stress COnC0ntratiOnS than 
that due to small rivet holes-and idle rivets. 

It wiil be noted that 8 of the 10 wing-beam specimens 
failed near one end, and that of the 9 specimens containing a 
web splice 8 failed at the splice and the flange of the ninth 
was practically at the point of failure at tho time that the 
principal failure occurred el8Qwhere. Although the mtninium 
cross-sectional area occurred at one end,the taper is judged 
to be so slight, at least over an appreciable length at the 
small end, as to be insignificant. The. Splice, however, may 
produce an important lo'cal stress concentration. The Splice 
is undoubtedly less rigid than the solid flanges which arc in 
parallel with it; hence the load which is carried by the web 
at a location remote from the s-plice must be transferred to 
the flanges by the rivets joining the flanges to the web 
near the splice. Thus these rivets become active rivets. It 
isdifficult to estimate the distribution of loed among tho 
rivets and tho stress concentration factor at such rivsts. 
In general, the few available results of fatigue tests un 
riveted joints vrhere the rivets are active indicate a much 
higher value of kf than for idle rivets or empty holes. 
Thus the splice may cause a notch effect by the transfer of 
load from the web to the flanges and by the fact that a high 
stress concentration may occur at the rivets which transfer 
this load. 
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Specimen A, ' which was unspliced, 
unfilled hole in the web; kf 

failed at a la/lb-inch 
was only slightly higher than 

the theoretical value‘of about 3, although still appreciably 
higher than the factor obtained on type-11 specimens. It 10 
believed that there is a poesibility of size effect here. 
Such an effect has been observed in another investigation of 
the fatigue Strength of strips containing holes, but these 
tests are as yet too incomplete to astirnate this QffQCt for 
specimen A. 

The curve in figure 9 for the wing-beam specimens was 
drawn through the point A, although the fact that the web vas 
not spliced placed this s>ecimun in a different catagory from 
the others. It may be that point A should lie above a mrve 
representing the fatigue strength of spliced specimens. 

When evaluating the injurious effect of stress raisers 
it must be remembered that the beama were designed for trans- 
verse loads and tested under axial loads. The notch effect 
of the web splice is probably more severe under axial load 
than under transverse. Stress raisers located on tha neutral 
axis, as, for instance, the hole shown in figure 11, would 
not be objectionable under transverse loading. Furthermore, 
the value of the bending moment would vary along the length 
of the beam and might be low enough to be safe at a stress 
raiser which would cause failure under axial fstigU6 loads. 

CONCLUSION 

Axial fatigue testing of wing beams by the resonsncs 
method is a tedious, eomewhat difficult -process requiring con- 
siderable time and equipment. 

Wing beams which had been in service had a lower fatigue 
strength than new beams. 'The results show a greater fatigue 
stress concentration factor for the wing-beam specimens than 
for drilled coupons machined from the flanges or for parallel 
strip coupons containing idle rivets. Thus the investigation 
fails to disclose a method for determining the fatigue 
strength of a large, complicated structure by fatigue tests 
of 8mall,relatively simple specimens. 

. 
The relatively high stress concentration factor is be- 

lieved to be caused principally by the notch effect of web 
_ ',_ 
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splices in most of the specimens. Time did not permit a 
study of the stress concentration due to ceb splices. 

National Bureau of Standarda, 
Washington, D. C., July 10, 1944. 
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. TABLE 1 ' 

FLIGHT SERVICE AND LOCATION OF VING-BEAM SPEGIKEFS 

13 

Flight Location 
Specimen service Front Rear Starboard Port 

(hr) 

A 

B 

‘3 

4 

5 

6 

7 

8 

9 

10 

238 X middle 

238 x middle 

212 x X 

0 X X 

0 x X 

212 x X 

0 X x 

0 x X 

212 X X 

212 X x 

I 
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TABLE 2 

14 

PROPERTIES OF MATERIAL OF WING-BEAM FLAEGES 

Tensile or Tensile or 

Beam Beam compressive; compressive; Yield Yield Ultimate Ultimate Young* 6 Young* 6 Elongation Elongation 
upper or upper or strength strength modulus modulus in 2 in. in 2 in. 

lower lower (ksi) (ksi) (ksi) (ksi) (ksij (ksij (percent) (percent) 

3 

4 

5 

6 

10 

Av, T 
Av. c 
Av. T and 0 

TU 49.0 65.2 10,300 21 
cu 42.7 10,610 
TL 49.7 66.2 10,280 20 . 
CL 42.3 10,840 

TL 47.9 64.3 10,590 20.5 
CL 40.9 10,820 

T 4 47.1 63.1 10,350 24 
CL 40.8 10,850 

CL 

T L 53.0 72.1 10,240 
CL 44.7 10,770 

43.3 10,570 

10,350 
10,740 
10,570 

13 
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Figure l.- Specimens A, B, 3, 4, and 5 after failure. The extent to which the 
specimens were imbedded in the terminal fixture is shown by the discolored 
area at the ends. Arrows indicate the principal failure. 
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Figure 6.- 
Wave form 
of the 
strain vi- 
bration. 
The fre- 
quency is 
about 65 cpa. 

Figure 2.- Specimens 6 to 10 after failure. 
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Front 

Figure 3.- Oroes section of ring-beam opecimene. 

YG = Yotor-generator set 
F - Field 
A= 

H,V,Q - 
Armature 
Horizontal, orrtioal, 
ground terminale of 
oeolllograph 

/I L 
I 1 I.1 I 

rr 

Figure 4.- Electric circuit for reoiproceting xotora. 
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Two 0 
248-T 

22.53'R.. I I 

Figure 6.- Coupon 
specimene 

I and II machined 
fr'om the ring-beam 
flanges and ldle- 
rivet specimen III. 

rivets 

Tekle Tensile aomp . camp. o.ooa 
6pecimen 10 3 

Tensile C;;p. 
5 3 5 8train 

Figure 8.- Typical atrtlc tenails and compressive stress-strain curves obtained on 
specimens machined from the ring-beam flanges. 
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Figure 7.- Axial tension-compression fatigue machine. 
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Type III \ Tw I 
Idle-rivet coupons , 0 - Plain coupons from 

ring-berm flange0 
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z True II -11l-Ftu.l I 
ring-beam flanges 

0 
134 

ruing beams and coupons therefrom 
lng beams and coupona tnerefrom 
ivet coupons, type III.(no curve shorn) 

I I II11 , I I II1111 I I 

105 106 
Cycles to failure 

107 

Figure 8.- 8-N curve8 for wing beama and couponr. 

ki 

104 5 

io" failure 
10' 108 

Cycles 
Figure lO.- Fatigue stress-concentration factora for 

ring-beam rpecimene and coupona. 
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Figure 11.- Fatigue cracks and fracture of specimen A. The 

principal failure which passes through three rivet holes 

in the flange and ax -inch grommeted hole in the web is 
shown at the top. T&g two holes in the flange were oc- 

cupied by rivets fastening a portion of a rib: this was 
removed after failure to expose the fracture. 
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Figure 12.- Failure of specimen B. The principal failure is 
shown at the lower left. The crack at the lower right is 
located at the web splice. A web crack at the terminal 
fixture is shown at the top 
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Figure 13.- Fract ures of specimens 3 and 4. 
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Figure 14.- Fractures of specimens 5 and 6. 
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Figure 15.- Fractures of specimens 7 and 8. 
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Figure 16.- 
Two views 
of the 
fracture 
of speci- 
men 9. 
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Figure 17 .- Two views of the fracture of specimen 10. 


